Nucleoside diphosphatase activity has been found in the cytosol of soybean (Glycine max) and alfalfa (Medicago satavia) During the course of studies on polynucleotide phosphorylase (EC 2.7.7.8) in the bacteroids of alfalfa nodules, it was noted that the addition of an aliquot of nodule extract severely inhibited ADP polymerization. Further investigations have revealed that the inhibition is due to a highly active nucleoside diphosphatase. Studies related to this enzyme and its occurrence in alfalfa and soybean nodules are described in this paper.
During the course of studies on polynucleotide phosphorylase (EC 2.7.7.8) in the bacteroids of alfalfa nodules, it was noted that the addition of an aliquot of nodule extract severely inhibited ADP polymerization. Further investigations have revealed that the inhibition is due to a highly active nucleoside diphosphatase. Studies related to this enzyme and its occurrence in alfalfa and soybean nodules are described in this paper.
MATERIALS AND METHODS
Rhizobium meliloti F-28 and Rhizobium japonicum 705 were obtained from Harold J. Evans of Oregon State University. Alfalfa (Medicago satavia, var. Buffalo) and soybean (Glycine max L.) seeds were obtained from local dealers. The bacterial cells were cultured and the plants grown as previously described (7) . The nodules, typically 3 to 5 g, were harvested, washed (water), and macerated in a cold mortar. The macerating medium contained 0.5 nodule weight of polyclar AT and an equal volume (v/w) of buffer consisting of 50 mM tris-HCl (pH 8), 10 mM 2-mercaptoethanol, and 0.1 mm EDTA (buffer G). The homogenate was filtered through Miracloth and the residue remacerated with an equal volume (v/w) of buffer G and again filtered. The filtrates were centrifuged 10 min at 12,000g and the supernatant (4-8 ml, 12-30 mg protein) was chromatographed on a Sephadex G-25 column (2 x 15 cm) or a Sephadex G-200 (2.5 x 45 cm) column equilibrated in 5 mm tris-HCl (pH 8), containing 10 mm 2-mercaptoethanol and 0.1 mm EDTA. Fractions which inhibited polynucleotide phosphorylase activity eluted near the void volume of both columns. Chromatography on Sephadex G-200 resulted in a 2-to 3-fold increase in specific phosphorylase activity. Usually the fractions were used immediately but the enzyme could be stored at 4 C or -10 C for at least a month without loss of activity.
Samples of the Sephadex G-200 fraction were treated with trypsin, DNase and RNase for 20 min at 37 C. The treatments involved 50 ,ug of the degradative enzyme/10 ,ug cytosol protein.
The reactions containing trypsin were treated (10 min at 37 C) with 50 ,ug of soybean trypsin inhibitor prior to further analysis.
Crude supernatant fractions were obtained from roots of 3-to 5-day-old alfalfa and soybean seedlings by homogenizing the tissue in a cold mortar containing the grinding medium previously described and centrifuging the homogenate for 10 min at 13,000g.
Fractions from the nodule cytosol were initially assayed by determining polynucleotide phosphorylase inhibition and later by measuring the release of Pi. Supernatants from the plant roots were assayed by the Pi method. Polynucleotide phosphorylase activity was assayed by monitoring ADP polymerization. The complete reaction mixture (0.25 ml) contained the following: 80 ,umol tris-HCl (pH 8), 0.4 ,mmol ADP (Sigma), 0.1 ,umol MgCl2, 0.025 ,tCi [U-'4C]-labeled ADP (160 ,utCi/,mol, Schwarz/Mann), and enzyme extract (partially purified from R. meliloti (4). The reactions were incubated for 10 min at 37 C and then terminated by addition of 2 ml of ice-cold 5 % trichloroacetic acid. The precipitate was collected on Whatman GF/A filters and washed with 30 ml of ice-cold 2% trichloroacetic acid. The filters were counted in a liquid scintillation spectrometer. One unit of activity was defined as the amount of enzyme required to incorporate 1 ,umol ADP into poly A/hr.
The release of Pi was measured by the method of Fiske and SubbaRow (2) . The reaction mixture (0.25 ml) contained 80 ,tmol tris-HCI (pH 8), 0.4 ,imol ADP, 0.4 ,umol MgCl2, and extract. Reactions were incubated at 37 C for 15 min. One unit of activity was defined as the amount of enzyme (phosphatase) required to release 1 ,tmole Pi/hr.
In some experiments, the reaction products of the phosphatase assay were analyzed by ascending paper chromatography. In these experiments, 0.025 ,tCi [U-_4C]-labeled ADP was included in the reaction mixtures and the reactions terminated with 0.15 ml ice-cold absolute ethanol. A 0.1-ml aliquot of the reaction mixture along with markers were applied to Whatman 3MM paper and the chromatogram was developed for 4 hr in a solvent consisting of 95% ethanol-1 M ammonium acetate (pH 5) (7:3, v/v). UV-absorbing areas were detected with a mineral lamp and outlined. The papers were cut and the radioactivity determined in a liquid scintillation spectrometer.
Protein was estimated by the method of Lowry et al. (6) Similar experiments were carried out with the cytosol fraction of soybean nodules. Protein which eluted from the void volume of the Sephadex G-25 column also inhibited phosphorylase activity, was heat-labile, and was inactivated by trypsin. In addition, the soybean cytosol contained another fraction which inhibited phosphorylase activity. This fraction eluted from the Sephadex G-25 column after the void volume and was heatstable. Subsequent discussions, however, concern only the heatlabile fractions.
Preincubation experiments (cytosol fractions with substrate or phosphorylase) showed that the cytosol fractions affected the substrate (ADP) and not phosphorylase per se. The completed reaction mixtures also contained significant levels of phosphate which indicated that ADP had been hydrolyzed. The hydrolysis of ADP (to AMP) was confirmed by chromatography and shown to be dependent on Mg2+.
Since polynucleotide phosphorylase was shown to be incidental to the inhibitor studies, the assay procedure was simplified to measure only the release of phosphate (2). This assay was used to test various compounds as potential substrates for the hydrolytic enzyme. Nucleotide diphosphates were the only compounds effectively hydrolyzed by the cytosol fractions (Table I) . Nucleoside mono-and triphosphates, along with NADP and P-enolpyruvate were essentially ineffective as substrates. It is possible that some of the reported activity may be a result of other enzymes in the cytosol preparations. Glucose-6-P, glycerol-2-P, creatine phosphate, and p-nitro-phenylphosphate also were tested and shown to be totally ineffective as substrates. The heatlabile inhibitor of polynucleotide phosphorylase activity found in the cytosol of soybean and alfalfa nodules appears to be a nucleoside diphosphatase which degrades nucleoside diphosphates to monophosphates.
At this point, certain characteristics of the nucleoside diphosphatase of nodule cytosol differ from other known nucleoside diphosphatases (1, 5, 8, 9) . For example, the nodule nucleoside diphosphatase does not exhibit a strong preference for one nucleoside diphosphate over another as does the enzyme from peas and rat liver (1, 8) . The nodule enzyme also does not appear to be bound to a microsomal fraction nor to have latent activity as is characteristic of other nucleoside diphosphatases (5, 8) .
The nodules contain a significant quantity of the diphosphatase which apparently is located in the cytosol. One gram of soybean nodules contains sufficient enzyme to hydrolyze am proximately 40 ,umol of ADP/hr. If the observed enzyme activity was a result of bacteroid contamination, then isolated bacteroids should have high levels of diphosphatase activity. If this were true, then bacteroids would have almost undetectable levels of polynucleotide phosphorylase activity since diphosphatase strongly inhibits the expression of polynucleotide phosphorylase activity. Polynucleotide phosphorylase activity in alfalfa bacteroids is very similar to that of free-living R. meliloti (4) which, in turn, is 6-and 17-fold higher than reported for Escherichia coli and Clostridium perfringens, respectively (3).
Another interesting observation was that very low, if any, nucleoside diphosphatase activity was detectable in root extracts of soybean or alfalfa seedlings unexposed to R. meliloti. Whether this enzyme is induced in response to rhizobia infection awaits further investigation.
